As electric vehicles are moving in on the automobile market, safety relating to acoustic perception is an important issue. It is a growing concern, particularly with respect to pedestrians, cyclists or visually impaired people. This can be addressed by adding sounds to the vehicle whilst at low speed. However, adding artificial sounds to an electric vehicle begs the question as to what kind of sound is appropriate. Appropriateness concerns technical specifications and is also linked to affective reactions of recipients of such a sound. Emotional reactions to 17 artificial exterior sounds for electric vehicles were investigated in an experimental setting with a total of 40 participants, 34 novice users and six sound experts.
INTRODUCTION
Electric vehicles (EVs) and hybrid vehicles are becoming a serious alternative to internal combustion engine cars [1] . However, due to reduced audibility, hybrid electric vehicles have a documented twice as high incident rate than cars with an internal combustion engine [2] , and as Don Norman writes: "[q]uiet is good; silence may not be" [3] . At low speed (under 50km/h) in particular, the wind and tyre/road interaction noises are not sufficient to signify the presence of an EV to road users, such as pedestrians, cyclists, or visually impaired people [4] . Regulation concerning the sounds of electric cars is still under study. Yet, several countries such as Japan and the United States of America already decided that adding artificial sounds to EVs is compulsory [5] . Whilst research has been conducted to recommend design guidance for warning sounds and external sound generation systems [6] , design guidance for adding artificial exterior sounds to electric cars is still nascent.
The sonification of EVs is a complex design problem, with many constraints and stakeholders involved. Stakeholders include cyclists and pedestrians some of whom might have difficulties hearing warning sounds at low speeds, drivers who expect audio-feedback on the performance of the car, and other third parties who prefer not to be disturbed by additional sounds.
Having said this, safety is not the only goal for the design of sounds. Sounds provide opportunities for car manufacturers to brand their product through a sound signature and find loyal markets [7] . In that way, a sound may be conceptualized as a means of communication between the designer and end-users [8] [9] . In the car interior, for example, the driver can infer the relative performance of the powertrain and have a better awareness of the speed of the car. Exterior sounds communicate the presence, proximity and speed of the car to other people in traffic.
Against this background, what kind of artificial exterior sound is appropriate? A sound that addresses safety concerns, informs about speed, is pleasant or at least not disturbing, and evokes the intended reaction from the users? In order to achieve 2 Copyright © 2013 by ASME this, we need to firstly understand what affective reactions sounds evoke in novice users and how this might differ from how sound experts perceive sounds. This paper addresses this issue directly by reporting an experimental study eliciting how users and experts perceive synthesized external sounds, what they expect the sound to be like and what their concerns might be. Therefore, the main research questions of this paper read as follows: How do users and sound experts perceive EV sounds?
The experiment included an open word association task as well as a rating task on a bipolar semantic scale to assess a set of different sounds with respect to appropriateness and pleasantness. The sounds used in this study are synthesized sounds designed for exterior loudspeakers simulating car sounds as they may be perceived, e.g. by pedestrians. The overall objective of this study is to support the sound designer in identifying a clear goal for the design of an appropriate and pleasant exterior sound for hybrid and electric vehicles such as an electric car.
The remainder of the paper is organized as follows. The next section discusses extant studies in literature by integrating literature from product experience, design communication, and psychoacoustics. Next, the experiment is described. It starts with a presentation of the set of sounds used, the tasks given to the participants, and the method used for the analysis of the results. Then, results from both the qualitative and quantitative analyses are presented. The concluding section provides implications for design research and design practice.
PRODUCT SOUND EXPERIENCE
We purchase products both for what the product does for us, for the 'product functions', and also for how the product makes us feel, for what one might call 'product emotions' [10] . We experience products through our senses, e.g. through seeing, touching, tasting, smelling, and hearing. Each interaction with the product is a touch point influencing our reasoning, emotional state, purchasing decision, preference, and expectations with respect to the product [11] . In that way, a product makes sense for us, we attribute meaning to the product. We might find a sports car powerful, fast, and feel excited when looking at it or driving it. We might associate comfort and the feeling of being at home with a family car.
When driving a car, our product experience is influenced by a number of stimuli such as visual appearance or tactile sensation. In addition, sound is an important part of the driving experience [12] . This includes internal sounds in a vehicle to provide auditory feedback, for example, on whether the engine is running ensuring and increasing the driver confidence that everything is working normally. It also includes external sounds when locking the car or alarm sounds when someone is trying to break into the car. Specific sounds have to be integrated into the whole soundscape. In the driving context, listening to the radio adds sound to the already present noises from the road and tires. Other passengers, conversations, mobile phone conversations can each add distraction. There may easily be an overabundance of sounds, quickly leading to a too high cognitive load for the user of a car and to 'audio fatigue'.
Product Sound Design (PSD) is an emerging and important topic within product development [13] . Sound has an immediate, direct link to both the rational and emotional parts of our brain and can trigger vivid recollections of past experiences, helping us remember intricate details associated with events [12] . The sense of hearing also allows for speech perception and understanding, which in turn forms the basis of our ability to communicate with others [14] .
In our daily life, we are confronted with the sounds of industrial products. Physical products have both consequential sounds that are the result of moving parts, airflow etc. and intentional sounds that are added or altered to enhance the experience of the product [15] . Consequential sounds refer to the sounds that are electrically or manually produced as a consequence of a function, e.g. a hairdryer producing engine sounds when turned on. Intentional sounds are sounds that are deliberately designed and added to a product by designers, many of which are digitally synthesized sounds [13] . For example, cars producing a warning beep when the seat belt is not fastened whilst the car is in driving mode. In this study, we are concerned with intentionally created sounds for EVs.
Car companies are developing sounds for electric cars. Experts at Jaguar Range Rover, for example, have conducted an initial study to develop appropriate warning sounds for a luxury vehicle using an exterior sound simulator [1] . Engineers at Nissan have developed an Approaching Vehicle Sound for Pedestrians (VSP), providing auditory cues when driving at low speed forward or when reversing. Sound with modulation or rhythmic structure stands out in ambient noise more than sound without modulation [5] . The car industry developed objective metrics used for the design of different sub-systems in a vehicle such as air conditioning, the engine, and horns [16] [17] . These psychoacoustic metrics for the acoustics of cars are also relevant for electric vehicles, in particular for the road and wind noise contribution [18] .
In addition to technical specifications such as a mapping between the sound and the state it is meant to represent, to design appropriate and pleasant sounds, designers need to understand how users experience product sounds. Despite proposals from car-makers concerning the sonification of EVs, few studies are concerned with the perception of these sounds by users [4] . Most of the times, people use those auditory 'cues' unconsciously [15] . How do we then elicit users' perceptions?
Whilst designers and design researchers have studied underlying processes of product semantics such as on product form perception [11] [19] [20] , product sound perception is still nascent. Previous studies on the perceived qualities of different sounds have, for instance, been measured by the use of Kansei words [21] [22] . These were word pairs such as hard-soft, dull-3 Copyright © 2013 by ASME clear, silent-noisy. A similar approach was made based on a preselected number of sound-characterizing words [23] . Semantic associations of synthesized sounds such as warning signals have been elicited [24] , focusing on acoustic parameters. Recent work examined the basic semantics of consequential product sounds to explain meaningful associations of the auditory property of products [13] .
With respect to users' preferences towards external vehicle sounds, in their study with a panel of 380 people, Wogalter et al. [25] identify the 'traditional engine' as the predominant response to what type of sound is most appropriate. Similarly, Nyeste et al. [26] conducted a preference study on a set of potential sounds for EVs with the semantic differential method and showed that the 'traditional sound' of a combustion engine is the most acceptable.
There have been studies on novices and expert designers on how they approach design tasks [27] , yet, an assessment of the emotional reaction to or psychoacoustic experience with intentional product sound for the exterior of electric vehicles is still under-explored. We argue here that the distinction between novices and expert users is important in that it allows us to elicit design criteria both for pleasant and also for technically appropriate sounds for electric vehicles.
MATERIALS AND METHODS
For the purpose of exploring the perception of sounds for EVs, we carried out an experiment with a set of 17 sounds and in total 40 participants between 21 and 67 years of age (average age of ca. 35), all of whom reported normal hearing. Two groups of subjects were considered:  a group of novice users (denoted 'novices' as they have no particular expertise in acoustics and sound design). They constitute the User group (number of subjects N u =34), and  a group of experts in sound design (professional sound designers and acoustics experts). They constitute the Expert group (number of subjects N e =6). As we are aware of the imbalance of the amount of participants in each group, the use of statistics to generalize the conclusions would be doubtful. Nevertheless, we consider the descriptive analysis of the results as interesting in that it uncovers differences between the groups.
Description of the sound design
In total, 17 different experimental sounds were created for this study by the first author. The sounds were synthesized using the mathematical modeling software Matlab and the additive synthesis technique. In order to generate different but plausible sounds for an electric car, after an analysis of current sounds of different carmakers [4] and personal propositions, four main components of the sound were considered. The components are also named design factors in this paper. This last component is an amplitude modulation of the first three components that may create more complexity and small 'temporal events' in the sound. The final sound is the sum of these four components. 17 different sounds were designed. Their composition according to the different components (C1 motor: yes/no -C2 musical chord: no/consonant/dissonant -C3 noise sound: broad/narrow -C4 modulation: yes/no) is given in Annex A.
Since it is out of the scope of this paper to describe all the parameters of the synthesizer (there are more than 70 independent parameters to define a sound), we can mention that all the frequencies and amplitudes of the components are adjustable, to create credible and very different sounds. This sound is not constant but 'played' by a control parameter of the car: the speed. To make the sound evolve with the speed of the car, we choose to adjust the frequencies and the amplitudes of the different components according to the speed.
To simulate the movement of the car for the tests, we defined a pattern of speed similar for all the sounds (duration T=18s). This included four phases of driving: idling, acceleration, constant speed (typically: 50km/h), deceleration and idling ( Figure 1 ).
Figure 1: Speed pattern of cars for sound evaluation
Mapping the speed of the car with the parameters of the sound (frequencies and amplitudes of the components) makes the sounds evolve and 'simulates' the movement of the car. Analogous to an internal combustion engine, for this mapping, the rule used is that the frequencies of the components increase, when the speed increases. This pattern creates realistic conditions to facilitate the perception of speed, acceleration or deceleration.
An example of the spectrogram of the sound S15 is given in Figure 2 . The sound is made of a broadband noise (50-1000Hz), the frequency range of which increases with the Having eli nalyzed the tra rder to find anscripts was his approach i entifying key n the design as onsumers [8] .
Six catego escribed as: ' lated', 'comp lated' (see Tab ategory. One m egative -and p rouped under dicate the kind To confirm the results concerning agreement and to study the differences between the sounds, a two-way Analysis of variance (ANOVA) with interaction of the ratings of Pleasantness and Appropriateness was made with the factor 'assessor' and the factor 'sound'.
The relationship between subjects' perceptions and the four components of the sound, also termed design factors here, has been investigated with conjoint analysis [36] . This approach, known in Kansei Engineering as the 'quantification theory type I' [37] , proposes to model a quantitative response by qualitative factors, with different levels. A simple additive model is generally proposed for capturing the quantitative response (Eqn. 1):
With: ŷ i : response for product i, provided by the model f: number of factors k j : number of levels of factor j a jk : part-worth utility for the level k of factor j
Thus, if there are f factors with k j levels, we must estimate
The estimates of the part-worth are obtained with an Ordinary Least Square procedure (ANOVA). We used ANOVA in our application to explain the quantitative ratings according to pleasantness and appropriateness by the 4 design factors C1 C2 C3 C4 that describe the sounds: C1 (2 levels: yes/no), C2 (3 levels: none/consonant/dissonant), C3 (2 levels: broad/narrow), C4 (2 levels: yes/no) (see Annex A). Before fitting the ANOVA model, we have to verify the efficiency of the experimental design given in Annex A. Let X be the matrix of the experimental design (orthogonal coding), N D the number of designs, p the number of parameters to estimate in the model. The D efficiency (%) of a design [38] is given by Eqn. 2:
The D efficiency (%) of the experimental design presented in Annex A is 80%. Even if this design is not balanced and not orthogonal, this efficiency is considered as sufficient to estimate the part-worth utilities of the factor levels.
RESULTS OF THE QUALITATIVE ANALYSIS 1

Should there be added sound for EVs? (RQ1)
Generally speaking, the answers to the question as to whether there should be added sound for EVs were fairly mixed. There were four typical answers; 'I think it is a silly/bad idea', 'It will be a nuisance', 'I think it is a good idea', 'It is necessary for safety', and 'I have no opinion'. Table 2 gives the proportions of users' and experts' opinions. In sum, our results show that most of the users in the experiment are in favor of adding sounds to electric cars and see the necessity. However, there was generally little enthusiasm for this hypothetical question, because the added sound was considered as a necessity rather than an opportunity.
The sound experts were mostly in favor of adding sounds to electric cars. Four said it was a good idea to add some kind of sound. One said he had mixed feelings and could see the purpose of adding sounds but would rather be without it as it would be a nuisance. Another said that it was not necessary for him and had difficulty imagining a credible sound for such a purpose.
Given that adding sound is compulsory, this little enthusiasm from the users and expert sound designers indicates that the designer will have to convince users of the relevance of the sound, for example by giving an added value to the sound, to reinforce the brand image of the car, or by designing an unobtrusive, but efficient sound.
What should an electric vehicle sound like? (RQ2)
The most dominant answer from users was that an electric car should sound 'like a regular car' and resemble a combustion engine sound. This result is in accordance with previous studies on the subject [25] [26] . Already in third place, we find that users prefer 'no sound' (see Figure 3 ).
Sound experts gave varied but also complementary answers to this question. Examples are that there should be an 'electric motor association', with 'frequency varying with speed', light gearing emulation', and a sound 'not too rough', and 'modulation not too rough.' Their answers were generally design-oriented. They reported design directions and propositions for innovations for the composition of the sound, including frequency varying with speed, organic, and contrapuntal. The answer ample size is ositive traits, ndesirable attr e necessary sociations evo
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Relationship between quantitative assessments and design factors of the sounds
We used conjoint analysis to explain the quantitative ratings according to pleasantness and appropriateness by the four design factors C1-C4 that describe the sounds. For the whole group of subjects (users or experts) and for the two descriptors pleasantness and appropriateness, results of the ANOVA model with four factors (C1, C2, C3, and C4) show that none of these factors had a significant effect (p-value>5%) on the response: the factors are unable to explain the differences between the ratings. This is not surprising, because of the considerable disagreement between the subjects in their ratings.
To explain the differences between the ratings of the sounds and to get more homogeneous subgroups, a partitioning of the group of subjects is necessary. Because of the small size of the experts group (6 individuals), we decided not to partition this group and focused our analysis on the group of users only. In order to provide a partition of the users and to define subgroups who are homogeneous in their ratings of the sounds, a hierarchical ascendant classification (HAC) was done on matrix Y(sounds×subjects) for the descriptors pleasantness and appropriateness. In the HAC, we used Euclidian distance and Ward's criterion as the linkage rule. Three subgroups of users (G1, G2, G3 for pleasantness, G4, G5, G6 for appropriateness) were considered, according to the variance criterion (highest variance jump in the dendrogram). For each of these subgroups, a conjoint analysis model was fitted on the data with the four qualitative factors (C1, C2, C3, C4). The results of the conjoint analysis for each subgroup are given in Table 5 . The part-worth utilities of the factor levels for the significant factors indicate if a level reinforces the response (positive value) or inhibits the response (negative value). The values of the part-worth for the not-significant components are not reported because they are considered as not relevant to explain the variance of the ratings.
Table 5. Results of the conjoint analysis model for the subgroups of users
For pleasantness, the results of the conjoint analysis exhibit three typical behaviors. The group G1 considers a 'narrow band noise' (+9.4) as most 'pleasant' rather than a 'broad band noise'. G2 and G3 are opposite: G2 is attracted by the presence of a sound of an internal combustion engine (+3.5), whereas G3 considers a sound without an internal combustion engine (+9.3) as most pleasant. Also, G3 does not appreciate modulation in the sound (+6.4 for the level 'No').
For appropriateness, G4 and G5 are rather opposite. For G5, a sound with an internal combustion engine component is more appropriate, whereas G4 prefers the opposite, and is furthermore interested by the presence of modulation in the sound (+5.3). Group G6 finds the absence of musical chords more appropriate (+6).
These results show a great diversity in the opinion about the sounds proposed and that no feature of the sound is mainly rejected or approved. This leaves a lot of degrees of freedom for the designer when designing sound and shows that a great variety of sounds can be candidates for the EV.
CONCLUSIONS AND IMPLICATIONS
In this paper, we explored the affective reaction of 34 novice users and six sound experts to 17 synthesized external sounds for electric cars. A qualitative analysis of words used when describing sounds and a quantitative analysis of the assessment according to pleasantness and appropriateness was conducted.
The main contributions of this paper concern the methodology used to analyze the qualitative and quantitative results, the differences in the perceptions of sounds between novice users and experts, and also recommendations concerning the design of sounds.
A majority of participants stated that it is a good idea or necessary to add sounds to electric cars. Most were already familiar with the safety issue from the media or quickly understood during the beginning of the experiment. There was, understandably, more enthusiasm or curiosity among the sound experts than there was among users.
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Copyright © 2013 by ASME Should there be added sound for EVs? Experiments conducted in this study suggest that the idea of added sound is acceptable within the two samples. Added sound for EVs therefore seems to be a viable solution. The majority of both users (57%) and experts (67%) were in favor of adding sounds to electric vehicles and see the necessity, although with little enthusiasm.
In line with Lakoff and Johnson [41] , our results show that subjects often associate what they perceive with something else that they are already familiar with. We recognize a traditional combustion engine because we have years of experience of what it sounds like. Even through with electric cars there are no pre-set standards, users, whether they are drivers, passengers or other people in the street, use the sound impression they know to categorize something as an electric car [42] . The most occurring answer of users to the question of what an EV should sound like was: "like a regular car" (see Figure 3 ). This result, in accordance with literature [25] [26] , is a sign of the importance of the psychological inertia and of the complexity of the design problem. On this topic, the opinions of sound experts varied: they made 'design-oriented' propositions, describing how they would design a sound for an EV. Differences between the groups suggest that we are facing challenges with briefing designers on how to design.
In describing perceived sounds, the coding of the words generated in categories showed that sound experts used a majority of composition-based adjectives, whereas users employed more character-related terms. Experts were focused on the technical aspects and were inclined to describe sounds in terms of their professional competences. Users expressed more easily connotations and feelings about the sounds.
Given that an assessment of artificial external sounds for electric vehicles is new, an agreed set of semantic attributes for evaluation of product character does not exist yet. Leaving the subjects to choose their own words to describe the sounds gives authentic attributes of participants' preferences to describe the sounds as they are. This is useful for designers in evaluating the intended product character and expected product experience. Instead of merely asking for pleasant -unpleasant, designers could use more specific words such as 'annoying' or 'unnerving' with novice users or 'synthetic' or 'monotonous' to qualify what unpleasant might mean.
Users and some sound experts pointed to low frequency and acceleration as 'good' aspects and high frequency and (fast) modulation as 'bad' aspects. But they were divided on the subject of how an electric vehicle should sound and it was not possible to draw a general trend.
The analysis of the quantitative ratings on pleasantness and appropriateness showed surprisingly a very weak agreement between the subjects. This weak agreement can be due to the fact that there are still few propositions on the market for sounds for EVs, so the possibilities are numerous. Another reason could be the absence of context to judge the sounds. It is likely that a sound for EVs played with a computer and a headphone, without visual contextualization, does not allow a sufficient immersion of the subject. The modeling of the users' responses to the design factors of the sounds with conjoint analysis gave different typologies in the group of users. But this analysis has to be confirmed with a more controlled design space according to the components of the sounds (design factors) to get useful feedbacks for taking design decisions.
Follow-up studies of the way expert sound designers and users characterize and describe electric vehicle sounds with larger samples of participants are needed to increase the power of analysis and confirm the trends indicated by our results. Avenues for future research include: Studies of preference vs. reaction times in real-time simulations to see if a preferred sound is also the safest. Further, in the interest of pedestrian safety studies of hearing-impaired pedestrians, reactions to new sound proposals as compared to existing car sounds should be undertaken. 
ANNEX A
DESCRIPTION OF THE 17 SYNTHESIZED SOUNDS
